Amyloid A (AA) amyloidosis is a leading cause of mortality in captive cheetahs (Acinonyx jubatus). We performed genome walking and PCR cloning and revealed that cheetahs have 4 SAA genes (provisionally named SAA1A, SAA1B, SAA3A, and SAA3B). In addition, we identified multiple nucleotide polymorphisms in the 4 SAA genes by screening 51 cheetahs. The polymorphisms defined 4, 7, 6, and 4 alleles for SAA1A, SAA3A, SAA1B, and SAA3B, respectively. Pedigree analysis of the inheritance of genotypes for the SAA genes revealed that specific combinations of alleles for the 4 SAA genes cosegregated as a unit (haplotype) in pedigrees, indicating that the 4 genes were linked on the same chromosome. Notably, cheetah SAA1A and SAA1B were highly homologous in their nucleotide sequences. Likewise, SAA3A and SAA3B genes were homologous. These observations suggested a model for the evolution of the 4 SAA genes in cheetahs in which duplication of an ancestral SAA gene first gave rise to SAA1 and SAA3. Subsequently, each gene duplicated one more time, uniquely making 4 genes in the cheetah genome. The monomorphism of the cheetah SAA1A protein might be one of the factors responsible for the high incidence of AA amyloidosis in this species.
The cheetah (Acinonyx jubatus) is an endangered animal included on the International Union for Conservation of Nature's list of vulnerable species. The principal problems in propagation of the cheetah are inbreeding depression and low genetic diversity (O'Brien et al. 1985) . Further exacerbating the problem, amyloid A (AA) amyloidosis is increasingly becoming an important cause of morbidity and mortality in captive cheetahs (Papendick et al. 1997) .
AA amyloidosis is the predominant form of reactive or secondary systemic amyloidosis that occurs in various mammalian species including humans as well as domestic and wild animals (Johnson et al. 1996) . The precursor protein for AA amyloidosis is serum amyloid A (SAA; Husebekk et al. 1985; Bergström et al. 2006) . Sustained elevated blood levels of SAA, often resulting from chronic inflammation, are implicated in AA amyloidosis (Glenner 1980; Hoffman et al. 1984) . In addition, the acceleration of AA amyloidosis induction is modulated by endogenous as well as exogenous factors, such as SAA genotype and amyloid-enhancing factor (Obici et al. 2009 ). For example, in humans, an SNP at the 5#-flanking region of the SAA1 gene constitutes a risk factor for the development of AA amyloidosis (Baba et al. 1995; Moriguchi et al. 2001 Moriguchi et al. , 2005 .
It is important to identify such factors in cheetah AA amyloidosis and understand the etiology of AA amyloidosis in the cheetah for effective management of this vulnerable species. In a previous study, we demonstrated that feces are a vehicle of transmission that may accelerate AA amyloidosis in the captive cheetah population . Also, we cloned and characterized the cheetah SAA1 gene, considering that the high incidence of AA amyloidosis in cheetahs may be ascribable to the feature of the SAA genes unique to this species. Similar to the mouse or human ortholog, the cheetah SAA1 gene was approximately 4 kb in length. The overall exon/intron organization of the cheetah SAA1 gene was highly homologous to that of the mouse Saa1 and human SAA1 genes. Furthermore, the nucleotide sequence of the coding regions was conserved between species. More importantly, examination of a small number of animals allowed identification of an SNP in the putative NF-jB cis-acting element in the upstream region of the cheetah SAA1 gene that had a considerable effect on SAA1 transcriptional induction . Two alleles were defined by insertion/deletion of a G nucleotide: GpGpG (3Gs) and GpG (2Gs). The DNA fragment from the 3Gs allele showed a higher promoter activity in the inflammatory condition than the equivalent fragment from the 2Gs allele. Thus, these results suggested that an amyloidogenic SAA1 allele may exist in the cheetah population, analogous to the SAA1 gene in humans. These results also raised the possibility that more SAA1 gene polymorphisms may be identified by screening more cheetahs, enabling an evaluation of genetic diversity and possibly providing a key to understanding the etiology of AA amyloidosis in this species.
Another characteristic of the mammalian SAA gene is that it constitutes a multigene family. Multiple SAA genes and proteins have been described for several mammalian species including human, mouse, hamster, rabbit, dog, cow, sheep, and horse. The number of SAA genes is different depending on the species. The Saa gene family is considered to have been formed through gene duplication events, where the initial duplication event of an ancestral SAA gene gave rise to the SAA1 and SAA3 genes perhaps before mammalian speciation (Lowell et al. 1986; Yamamoto et al. 1987; de Beer et al. 1996) . SAA1 is mainly expressed and secreted by the liver as a major acute-phase protein, and it is found as AA fibrils in AA amyloidosis. In most species, SAA3 is expressed in extrahepatic tissues. Considering the presence of the multigene family in a variety of mammalian species, it is highly likely that cheetahs also have multiple SAA genes. In this study, we investigated this possibility by screening the cheetah genome for SAA genes. In addition, we screened 51 cheetahs, 32 of which belonged to a large pedigree, and identified multiple nucleotide polymorphisms in the SAA genes. Moreover, inheritance of the SAA genotypes was examined in the cheetah pedigree. Altogether, these results indicated that cheetahs indeed have 4 SAA genes presumably formed through repeated duplication events. Here, we also discuss the relevance of the findings to the high incidence of AA amyloidosis in cheetahs.
Materials and Methods

Cheetah Specimens
Fifty-two postmortem frozen cheetah specimens of different organs including the liver, stomach, and intestine were provided by Prof. Une of Azabu University (Table 1) . These specimens were obtained through the Species Survival Committee of The Japanese Association of Zoos and Aquariums. Five (ID number C-17, C-27, C-41, C-72, and C-86) and 9 cheetahs (C-19, C-50, C-64, C-65, C-67, C-73, C-74, C-88, and C-90) were imported from South Africa and Namibia, respectively, and raised in Japan until they were deceased. The other 38 cheetahs were bred at various zoos in Japan. Thirty two of the cheetahs were from a large pedigree (Figure 1 ). Three others were from another small pedigree. Twenty-eight cheetahs were found to have minor to severe AA amyloid deposition in various organs at necropsy (Table 1 and Figure 1 ).
Genome Walking for the Cheetah SAA Gene Genomic DNAs were isolated from the postmortem organs by the standard method. High molecular weight DNA could not be obtained from 1 specimen (C-39). This was probably because the genomic DNA had been degraded in the preserved frozen tissue sample. Because the genomic DNA isolated from postmortem tissues of other cheetahs was also of low quality, genomic library construction was considered impossible. Instead, we attempted the PCRbased genome walking using the Universal GenomeWalker kit (BD Bioscience Clontech, Palo Alto, CA). We designed several oligonucleotide primers for genome walking, assuming that SAA family genes would have nucleotide sequences similar to the previously identified cheetah SAA1 gene (AB354400; . For genome walking of the 5# upstream region of the cheetah SAA genes, outer (WR3) and nested primers (WR4) were used ( Figure 2 ). For genome walking of the 3# downstream region of SAA exon 3, outer (R1-Rev) and nested primers (R1-Rev2) were used ( Figure 3 ). For genome walking of the 3# upstream region of SAA exon 3, outer (R1-2) and nested primers (R1) were used ( Figure 3 ). Genomic DNA from cheetah C-48 was used as a template for PCR genome walking. The PCR products were cloned into the pCR2.1 plasmid vector (Invitrogen, Carlsbad, CA) and sequenced. Sequencing reactions were performed using a BigDye Terminator Cycle Sequencing Kit (Applied Biosystems Japan, Tokyo, Japan) and were run on an ABI 310 automated sequencer (Applied Biosystems Japan).
PCR Cloning of the Cheetah SAA Genes and Genotyping of Cheetahs for SAA Nucleotide Polymorphisms PCR amplification was performed with the primer pairs of F3A/R6A (SAA1A), F3B/R6A (SAA1B), F1/WR1C (SAA3A), and F1/R6B (SAA3B) for the genomic DNA of 51 cheetahs, followed by sequence walking by direct sequencing of the PCR products. When overlaps of 2 peaks were observed for the sequence chromatogram, the PCR products were cloned into the pCR2.1 vector. Four to 8 clones were selected, and the nucleotides were sequenced for each PCR product.
Reverse Transcription PCR Analysis for SAA Gene Expression mRNA was extracted from the postmortem organs of the cheetahs with the QuickPrep Micro mRNA Purification Kit (Amersham Biosciences, Buckinghamshire, England). First-strand cDNA was synthesized using a First-Strand cDNA Synthesis Kit (Amersham Biosciences) and was then 
subjected to PCR amplification. cDNA fragments for the cheetah SAA1 genes were amplified by the primer pairs of SAA1-RT-F (5#-TTTTCACGGGCCTCAT GTTC-3#) and SAA1-RT-R (5#-GCACACACTTTTCAA-CAATCTCTTAAGC-3#). cDNA fragments for the cheetah SAA3 genes were amplified by the primer pairs of SAA3-RT-F (5#-TTTTCGTGGGCATCCTGTTG-3#) and SAA3-RT-R (5#-GCAAAGAGGAAGCTCAGTAC-3#). Specific amplification was confirmed by direct sequencing of the PCR products with these primers. Control primers F (5#-ACCACAGTCCATGCCATCAC-3#) and R (5#-TCCACCACCCTGTTGCTGTA-3#) were used for reverse transcription PCR (RT-PCR) amplification of G3PDH transcripts. The reaction volume of PCR was 25 ll. The cycling parameters for PCR were initial denaturation of 1 min at 94°C, followed by 40 cycles of 20 s at 94°C, 15 s at 55°C, and 40 s at 72°C. Ten-microliter aliquots of each PCR product were then subjected to 1.5% agarose gel electrophoresis. Expression level was graded based on the band intensity of the PCR products. 
a CD, WA, YA, and TT are codes for zoos in Japan.
b L, liver; K, kidney; Sp, spleen; St, stomach; I, intestine; A, adrenal grand; LN, lymph node; H, heart; P, pancreas; and E, esophagus.
c þþþ, high; þþ, medium; þ, weak; and À, no expression. Figure 1 . Pedigrees of cheetahs examined in this study. Square and circle represent male and female, respectively. Individuals with amyloid protein A (AA) amyloid deposition are denoted with light gray squares (or circles) and those without AA amyloid deposition as white squares (or circles). The number with ''C'' is the tentative ID number for cheetahs. The number in parentheses is the registration number. Genotypes of cheetahs for the SAA1A (1A), SAA3A (3A), SAA1B (1B), and SAA3B (3B) genes are also shown. Presumable allele origin is indicated (top, paternal; and bottom, maternal) for the genes.
Results
Genome Walking Suggested Existence of Cheetah SAA Family Genes PCR products of ;1 kb were obtained by PCR genome walking. Two types of PCR products were cloned by genome walking toward the 5# upstream region ( Figure 2 ). One type had the identical nucleotide sequence to that of the SAA1 gene revealed in the previous study . Another type of nucleotide sequence also showed a perfect homology to that of the reported SAA1 gene until the À666th position: However, the sequence upstream of the À667th position did not show any similarity. Three types of PCR products with distinct sequences were cloned by genome walking toward the 3# downstream region from exon 3. One type had a nucleotide sequence identical to that of the SAA1 gene obtained in the previous study . The nucleotide sequence of the second type showed a relatively high homology to the SAA1 sequence up to the 3193rd nucleotide position, but it showed no homology downstream of the 3194th position (Figure 3) . The nucleotide sequence of the third type showed a relatively high homology to the SAA1 sequence up to the 3101st nucleotide position, but it showed a considerable difference downstream of the 3102nd position. This DNA fragment on the whole had a higher sequence homology to the second type than to SAA1 (Figure 3) .
Two types of PCR products with distinct sequences were cloned by genome walking toward the upstream region from exon 3. One type had an identical nucleotide sequence to that of the SAA1 gene obtained in the previous study . The nucleotide sequence of the second type had a similar but distinct nucleotide sequence compared with the SAA1 sequence. Also, this PCR product contained a coding exon sequence including the putative starting methionine codon. Overall, these genome walking results suggested the existence of genes in the cheetah genome that were similar to but distinct from SAA1 in their nucleotide sequences.
Four Types of SAA Genes Exist in the Cheetah Genome
We then attempted to isolate the DNA fragments containing the entire coding sequence of the supposed SAA genes. Based on the genome walking results, we designed oligonucleotide primers in the divergent 5# upstream (forward F3A, F3B, and F1) and 3# downstream regions (reverse R6A, R6B, and WR1C) (Figures 2 and 3) . PCR amplification was performed on the genomic DNA of cheetah C-48 with 9 possible combinations of the forward and reverse primers (F3A/R6A, F3A/R6B, F3A/WR1C, F3B/R6A, F3B/R6B, F3B/WR1C, F1/R6A, F1/R6B, and F1/WR1C). PCR products could be obtained when primer combinations of F3A/R6A, F3B/R6A, F1/R6B, and F1/ WR1C were used. The sizes were approximately 4 kb for the F3A/R6A and F3B/R6A products and 3 kb for the F1/R6B and F1/WR1C products. Nucleotide sequencing of the PCR product by F3A/R6A for its entire length confirmed that it contained the SAA1 gene obtained in the previous study . Nucleotide sequencing of the other 3 PCR products suggested that these were derived from distinct SAA genes in the cheetah genome.
The PCR Fragment by F3B/R6A is Highly Homologous to SAA1
Nucleotide sequencing of the PCR product by F3B/R6A for its entire length revealed a high homology to SAA1 (F3A/R6A product). The nucleotide sequence from the À666th position to downstream of the F3B/R6A fragment was identical to that of the SAA1 gene (F3A/R6A fragment), except for the polymorphic nucleotides as described later in this report. The nucleotide sequence upstream of the À667th position showed a considerable difference but was identical to one of the sequences revealed in the genome walking. These observations suggested the Figure 2 . Comparison of nucleotide sequence of the upstream region of the cheetah SAA1A and SAA1B genes. Identical residues between 2 sequences are indicated by dots. Positions of the oligonucleotide primers used for genome walking (WR3 and WR4) and for PCR amplification of SAA1A (F3A) and SAA1B (F3B) are indicated by arrows. Numbering of nucleotide positions (À667 and À472) followed that of our previous report (AB354400 ; . gene encompassed by the F3B/R6A PCR product was highly homologous to, but distinct from, the previously identified SAA1. This newly identified gene was named SAA1B, and the gene found in the previous report was renamed SAA1A.
The PCR Products by F1/WR1C and F1/R6B Represent the Cheetah SAA3 Genes
The PCR products by F1/WR1C and F1/R6B primer pairs were highly homologous in their nucleotide sequence (Figures 3 and 4) . Perfect homology was observed in the nucleotide sequence from the first coding exon to the downstream intron of the 2 PCR products. The 2 sequences showed differences at several positions in the downstream region. Overall, both PCR products had a considerable difference in nucleotide sequence from SAA1A and SAA1B. The predicted amino acid sequences of the 2 products also showed a high degree of difference compared with the cheetah SAA1 ( Figure 5 ). Rather, they showed a similarity to the mouse SAA3 sequence. The homology was prominent particularly in the N-terminus 30 amino acid sequence. Also, they had a conserved 4 amino acid motif (TFLK) starting from the 22nd residue described in equine, bovine, and ovine SAA3 sequences (McDonald et al. 2001) . Based on these observations, these cheetah genes were provisionally named SAA3A (F1/WR1C product) and SAA3B (F1/R6B product).
Multiple Nucleotide Polymorphisms Exist for the 4 Cheetah SAA Genes
To search for nucleotide polymorphisms, the 4 SAA genes were obtained by PCR from the genomic DNA of the remaining 50 cheetahs. A comparison of the nucleotide sequence of the PCR products between the cheetahs revealed different nucleotides at several positions. In addition, nucleotide sequence chromatograms of the PCR products from some cheetahs showed overlaps of signal peaks for 2 different nucleotides at these positions. These results suggested heterogeneity of the sequences. These PCR products were then cloned into a plasmid vector, and their nucleotide sequences were confirmed. Comparison of the sequences revealed that it was indeed nucleotide polymorphisms in the SAA genes.
Overall, nucleotide polymorphisms were observed at 8 positions in the SAA1A gene (Table 2) . One was an insertion/deletion polymorphism of a G nucleotide in the upstream region ((G)3 or (G)2 at the À97 to À99th position), which was described in our previous study . A combination of the 8 polymorphic nucleotides defined 4 alleles for the SAA1A gene (1, 2, 3, and 4) . Allele frequency in 51 cheetahs (102 chromosomes) was 30, 19, 15, and 38 for the alleles 1, 2, 3, and 4, respectively. Nine genotypes for the SAA1A gene were observed in the 51 cheetahs.
Nucleotide polymorphisms were observed at 6 positions in the SAA1B gene (Table 3) . A combination of the 5 polymorphic nucleotides defined 6 alleles for the SAA1B gene (1, 2, 3, 4-1, 4-2, and 5). Allele frequency in 51 cheetahs was 41, 19, 2, 15, 23, and 2 for the alleles 1, 2, 3, 4-1, 4-2, and 5, respectively. Thirteen genotypes for the SAA1B gene were observed in the 51 cheetahs.
Nucleotide polymorphisms were observed at 14 positions in the SAA3A gene (Table 4) . A combination of the 14 polymorphic nucleotides defined 7 alleles for the SAA3A gene (1-1, 1-2, 1-3, 1-4, 2, 3, and 4) . Allele frequency in 51 cheetahs was 9, 17, 2, 2, 19, 15, and 38 for the alleles 1-1, 1-2, 1-3, 1-4, 2, 3, and 4, respectively. Sixteen genotypes for the SAA3A gene were observed in the 51 cheetahs.
Nucleotide polymorphisms were observed at 3 positions in the SAA3B gene (Table 5) . A combination of the 3 polymorphic nucleotides defined 4 alleles for the SAA3B gene (1, 2, 3, and 4). Allele frequency in 51 cheetahs was 61, 1, 2, and 38 for the alleles 1, 2, 3, and 4, respectively. Five genotypes for the SAA3B gene were observed in the 51 cheetahs. Altogether, these results indicated that the nucleotide alterations in the 4 SAA genes were not rare variants but were polymorphisms widely prevalent in the cheetah population. Also, these results indicated that all these polymorphisms were in the noncoding region; hence, the cheetah SAA proteins were monomorphic.
Pedigree Analysis Suggested Linkage of 4 SAA Genes But
No Association between SAA Genotype and AA Amyloidosis Thirty two of the 51 cheetahs examined in this study were from a large pedigree (Figure 1 ). Parent/offspring relationship was known for 3 other cheetahs. Inheritance of genotypes for the 4 SAA genes was then traced in the pedigrees. The inheritance pattern of genotypes supported multiple allelism for all 4 SAA genes. More importantly, it appeared that specific combinations of alleles for the 4 SAA genes cosegregated as a unit (haplotype) in the pedigrees, suggesting that the 4 SAA genes were linked on the same chromosome. However, the data did not define the arrangement of the 4 genes. A minimum number of 9 haplotypes could account for the SAA genotypes of all 51 cheetahs including 16 animals not listed in the pedigrees (Table 6 ). Also, the data shown in Figure 1 suggested no genetic association between incidence or severity of AA amyloidosis and genotype or haplotype for the SAA genes.
sequences are denoted with uppercase and lowercase letters, respectively. Identical residues to SAA1A are indicated by dots. Nucleotide gaps are indicated by dashes. Positions of the oligonucleotide primers used for genome walking for downward (R1-Rev and R1-Rev2) and upward (R1 and R1-2), for PCR amplification (F1, WR1C, and R6B), and for RT-PCR analysis (SAA1-RT-F, SAA3-RT-F, SAA1-RT-R, and SAA3-RT-R) are indicated by arrows. Numbering of nucleotide positions (3101 and 3193) followed that of our previous report (AB354400 ; ). 
Expression Pattern of SAA Genes in Organs of Cheetahs
RT-PCR analysis revealed an expression profile of 51 cheetahs for SAA1 and SAA3 genes. Expression of SAA1 transcripts was observed in the liver of most cheetahs ( Figure 6 and Table 1 ). Cheetahs with inflammatory lesions and AA amyloidosis in particular had high SAA1 expression in the liver. No SAA1 expression was observed in the stomach and intestine.
Weak to medium levels of SAA3 expression were observed in the stomach of most cheetahs ( Figure 6 and Table 1 ). The expression level of SAA3 in the stomach was independent of the inflammatory conditions of the cheetahs. SAA3 transcripts were also observed in the liver but not intestine. Similar to SAA1, cheetahs with inflammatory lesions and AA amyloidosis had high SAA3 expression in the liver. These results suggested that transcriptional regulation of the SAA3 gene was different depending on organs, and similar to the SAA1, expression of the SAA3 gene in the liver could be upregulated under inflammatory conditions. Both SAA3A and SAA3B Genes Are Transcribed in the Stomach and Liver of Cheetahs
The SAA3A and SAA3B genes showed differences at 9 nucleotide positions in the putative coding sequence (Figure 3) , allowing us to distinguish transcripts derived from the 2 genes. Nucleotide sequence of the RT-PCR products obtained by the SAA3-RT-F/SAA3-RT-R primer pair from the stomach (C-17, C-28, and C-48) and liver (C-47, C-73, and C-90) showed overlaps of 2 nucleotides at the corresponding 9 positions (data not shown) in all 6 cases, suggesting that the PCR products were a mixture of cDNA fragments derived from both SAA3A and SAA3B genes. The height of 2 peaks at the overlapping positions on sequence 
, C-52, C-54, C-55, C-61, C-72, C-85, C-33, C-64, C-90
Numbering of nucleotide position in the cheetah SAA1A gene followed that of our previous report (AB354400 ; .
chromatogram was almost identical. These results indicated that both SAA3A and SAA3B genes were transcribed at similar levels in the stomach and liver of the cheetahs.
SAA1B Gene Is Not Transcribed in Cheetahs
The SAA1A and SAA1B genes had one nucleotide substitution at the 3152nd position. Analysis of genomic DNA indicated that cheetah C-47 was homozygous for G nucleotide at the 3152nd position in the SAA1B gene (Table  3) while being homozygous for C nucleotide at the corresponding position in the SAA1A gene (Table 2) . Four other cheetahs (C-63, C-66, C-68, and C-88) were heterozygous for G and C nucleotides for the SAA1B gene. The substituting nucleotide is located in the 3# untranslated region and, hence, should be incorporated into mRNA if they are transcribed. Nucleotide sequence of the RT-PCR products obtained by the SAA1-RT-F/SAA1-RT-R primer pair showed a single C nucleotide at the corresponding position in all 5 cases, suggesting that the PCR products were derived solely from the SAA1A gene. This result indicated that the SAA1B gene was not expressed in the liver of the cheetahs even in the inflammatory conditions.
Discussion
The objectives of this study were 1) to clarify composition of SAA genes in the cheetah genome and 2) to elucidate the feature of the genes that may account for the high susceptibility of this species to AA amyloidosis. For the first objective, this study identified 4 SAA genes (SAA1A, SAA1B, SAA3A, and SAA3B) linked on the same chromosome in cheetahs. This result practically matched and, in a sense, exceeded our expectations. In mice, the Saa1 and Saa3 genes are located within a ;30-kb interval on chromosome 7. Another Saa family gene, Saa4, is located in this interval. In addition, the Saa2 gene is located in a headto-head orientation with Saa1 with an interval of ;20 kb. A model for the evolution of the 4 Saa genes in mice was proposed ( Figure 7 ; Lowell et al. 1986; Yamamoto et al. 1987; de Beer et al. 1996) . In this model, duplication of an ancestral Saa gene first gave rise to the Saa1 and Saa3 genes. Since then, these 2 genes have evolved independently and accumulated nucleotide sequence alterations. The Saa1 gene was subsequently duplicated into Saa4 and Saa2. Considering the homology between cheetah and mouse SAA1 and between cheetah and mouse SAA3 genes, it was likely that the cheetah SAA1 and SAA3 genes were formed through a gene duplication event probably before the divergence of the 2 species. Intriguingly, the SAA1B gene had high homology to SAA1A. Likewise, the cheetah SAA3A and SAA3B genes were highly homologous with each other, even though the homology was slightly lower than that in the SAA1A and SAA1B pair. At the amino acid sequence level, SAA3A and SAA3B had differences at 6 residues. Notably, SAA3A and SAA3B shared identical nucleotide alterations from SAA1 at multiple positions C-27, C-42, C-56, C-28, C-67, C-73, C-87
a Numbering of nucleotide position in the cheetah SAA1B gene followed that of our previous report (AB354400 ; . UTR, untranslated region. Intron 3 3# UTR 3' UTR -15, C-21, C-34, C-37, C-58, C-59, C-60, C-40 
The position 1 corresponds to the A nucleotide residue of starting methionine codon. UTR, untranslated region.
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Chen et al. SAA Gene in Cheetahs (Figure 3 ). These observations suggested a model for evolution of the cheetah SAA genes (Figure 7 ). Duplication of an ancestral SAA gene first gave rise to SAA1 and SAA3 before mice and cheetahs diverged. After the 2 genes diverged in nucleotide sequence (and presumably after the 2 species diverged), both genes were duplicated one more time in the cheetah genome. The chromosomal segment containing the 2 genes might be duplicated en block, making one unit containing SAA1A and SAA3A and another unit containing SAA1B and SAA3B. Alternatively, after SAA3 was duplicated to SAA3A and SAA3B, SAA1B might have been independently duplicated from SAA1A. This latter model could explain the higher homology between the SAA1A and SAA1B genes than that between SAA3A and SAA3B.
The cheetah SAA proteins were 7 (SAA1) or 8 amino acids (SAA3) longer than the mouse or human SAA proteins ( Figure 5 ). This difference was due to the common presence of an extra sequence of 24 nucleotides in the final exon of both SAA cheetah genes. The common presence of an extra sequence of 24 nucleotides in SAA1 and SAA3 genes of cheetahs appeared incompatible with the notion of the gene duplication event before the divergence of the 2 species. One possible hypothesis was that after the gene duplication event, one of the cheetah SAA genes acquired the extra nucleotide sequence (Figure 7 ). Subsequently, gene conversion occurred between the SAA1 and SAA3 genes that transferred a chromosomal segment including the extra nucleotide sequence to another SAA gene. Intriguingly, it appears that the SAA type with regard to the presence or absence of the 8 amino acid sequence agrees with the taxonomic hierarchy. Cheetah belongs to the family Felidae. The 8 amino acid sequence is present in the SAA not only of cat van der Linde-Sipman et al. 1997; Niewold et al. 1999; van Rossum et al. 2004 ) but also of other mammalian species including mink (Marhaug et al. 1990 ), dog (Sellar et al. 1991) , pig (Soler et al. 2011) , horse (Sletten et al. 1989; Ma et al. 2000) sheep (Syversen et al. 1994) , and cow (Westermark et al. 1986; Benson et al. 1989; Rossenvatin et al. 1992) . These species belong to taxon Laurasiatheria. On the other hand, the 8 amino acid sequence is absent in rabbit SAA (Syversen et al. 1993) . Human, mouse, and rabbit belong to another taxon Euarchonta. These results suggest that the insertion/ Figure 6. Expression profile of cheetahs for SAA1 and SAA3 genes. Agarose gel electrophoresis of RT-PCR products for SAA1, SAA3, and G3PDH from the liver, stomach, and intestine of 8 representative cheetahs is shown. Levels of expression for SAA1 and SAA3 are also indicated; þþþ high, þþ medium, þ low, and À no expression. deletion of the 8 amino acid residues occurred after the divergence of the 2 taxons. Despite the extremely high homology to SAA1A from the upstream region of the first exon to downstream of the putative poly (A) signal sequence, the SAA1B gene was not expressed in cheetah liver. The results of our previous study demonstrated that the 5#-flanking 263-bp sequence of the SAA1A gene contains cis-elements for promoter/enhancer activity under inflammatory conditions . In this study, the region was revealed to be common to the cheetah SAA1A and SAA1B genes. SAA1B showed an absence of homology to the SAA1A gene upstream of the À667th position. Thus, there remained a possibility that a negative regulatory element exists in this region of the SAA1B gene.
For the second objective of this study, multiple nucleotide polymorphisms were identified for the cheetah SAA genes. Four genotypes were observed in 51 cheetahs for the SAA1A gene. In a previous study, we identified a SNP of 3Gs or 2Gs in the putative NF-jB cis-acting element in the upstream region of the cheetah SAA1 gene . In vitro promoter assay revealed that the 3Gs allele had higher promoter activity in the inflammatory condition than the 2Gs allele. Thus, it was expected that cheetahs with the 3Gs allele might be more susceptible to AA amyloidosis. It was confirmed in this study that 3Gs was on allele 1 of the SAA1A gene. However, contrary to our expectation, no association was observed between allele 1 and incidence or severity of AA amyloidosis in cheetahs.
The degree of polymorphism was lower than those for mouse and human orthologous genes. Even though the most recent study identified a relatively high degree of nucleotide polymorphisms for the major histocompatibility complex of cheetahs (Castro-Prieto et al. 2011) , this species has been known for low genetic diversity (O'Brien et al. 1983 (O'Brien et al. , 1985 . Our results are consistent with these reports and provide further evidence for low levels of genetic diversity in cheetahs. For the mouse Saa1 gene, for example, multiple nucleotide alterations exist in introns (26 positions), 3# downstream regions (8 positions), and even in the coding regions (8 positions; UCSC Genome Browser database, Figure 7 . Comparison of the evolutionary history of the SAA genes between cheetahs and mice. Arrows under the mouse Saa genes indicate direction of transcription. The model for the mouse Saa genes (Lowell et al. 1986; Yamamoto et al. 1987; de Beer et al. 1996 ) is modified. 1) Duplication of an ancestral SAA gene first gave rise to SAA1 and SAA3 before mice and cheetahs diverged. 2) After the 2 species diverged, the Saa1 gene was duplicated sequentially into 3) Saa4 and 4) Saa2 in the mouse genome. 5) In the cheetah lineage, the SAA1 gene acquired an extra sequence of 24 nucleotides (expressed as a black bar). 6) Subsequently, gene conversion occurred between the SAA1 and SAA3 genes that transferred a chromosomal segment, including the extra nucleotide sequence, to the SAA3 gene. 7) Each gene was then duplicated one more time in the genome, making 4 SAA genes in the cheetah genome.
http://genome.ucsc.edu/). Numerous nucleotide polymorphisms including missense substitutions are listed for other mouse and human Saa genes. In contrast, only 3 (SAA3B) to 14 (SAA3A) nucleotide polymorphisms were found for the cheetah SAA genes. We also revealed that 2 cheetahs imported from Namibia (C-65) and South Africa (C-72) had unique nucleotide substitutions and haplotype differences from other cheetahs (Figure 1) . Therefore, there remains the possibility that more nucleotide polymorphisms could be identified in the SAA genes by screening more wild cheetahs.
Even though relatively large numbers of cheetahs (N 5 51) were screened, no missense (or even silent) nucleotide polymorphisms were found in the coding sequence of the 4 SAA genes. This monomorphism of the SAA1A protein in the cheetah may contribute to the high incidence of AA amyloidosis in this species. Coexistence of a protein isoform that has 1 or 2 amino acid substitutions of an amyloid precursor protein has been shown to serve as an inhibitor of amyloid fibril formation in a mouse AA model. In this model, the amyloid-resistant isoform of the precursor protein apoSAA CE/J , which has a different amino acid residue at position 11 from the amyloidogenic isoform of apoSAA, inhibited the pathogenesis of AA amyloidosis (Gonnerman et al. 1995) . A similar phenomenon has also been observed in the mouse AApoAII amyloidosis model (Chiba et al. 1999) . The amino acid sequence of AA amyloid fibrils isolated from the liver of cheetahs with AA amyloidosis contained only SAA1 derivatives and not SAA3 derivatives ). Thus, it was considered that only SAA1 but not SAA3 was amyloidogenic in cheetahs.
In summary, we found that cheetahs have highly homologous SAA1A and SAA1B genes as well as SAA3A and SAA3B genes. These results should provide a foundation for clarifying the etiology of AA amyloidosis in the cheetah.
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